Feral horses (Equus caballus) in the Garfield Flat Herd Management Area in western Nevada exist as 2 subpopulations most of the year and as a single population once sufficient snow has accumulated to free them from dependence on their respective water sources. Populations were examined for genetic structure using 12 equine microsatellite markers. Microsatellite data also were generated from a distant population in the Granite Range Herd Management Area, in northwestern Nevada. Analyses of microsatellite allele frequencies supported the genetic individuality of the 3 groups. The Garfield Hills groups were marginally differentiated by virtue of low F ST and low success in population assignment. Recent population bottlenecks and behavioral isolation are the likely mechanisms for the genetic differences between the 2 Garfield groups. Both Garfield groups were strongly differentiated from the Granite Range horses. Allele frequencies of both Garfield Flat subpopulations were within Hardy-Weinberg expectations, whereas the Granite Range frequencies were not, suggesting population structure beyond that previously identified.
Feral horses (Equus caballus) have been federally protected and managed since the passage of the Wild and Free Roaming Horse and Burro Act of 1971 (WFRHBA; Public Law 92-195) . All protected populations of feral horses were in place prior to the passage of WFRHBA (Ferris 1972 ) and so have a minimum history of 29 years. The Bureau of Land Management manages most of the feral horses in the United States (Boyles 1986) . Management is organized in terms of Herd Management Areas (HMAs), arbitrary divisions of Bureau of Land Management districts with population size limits set to maintain range condition (Boyles 1986) . As a result, a given HMA can contain .1 genetically identifiable subpopulation, but in general, all are managed as single populations. The Public Rangelands Improvement Act of 1978 empowers managing agencies to periodically remove animals to maintain habitat quality. With hidden population structure, genetically distinct populations within an HMA might be small at best and critically small after HMA-wide population reductions.
Feral horse populations serve as a good model for tests of behavioral isolation within HMAs. The harem band, consisting of !1 females, their offspring, and generally 1 but occasionally up to 3 adult stallions, is the basic reproductive unit for feral horses (Berger 1986 ). Harem stallions vigorously defend their band from takeover or theft of mares by outside males and guard against females straying from the harem (Ashley 2000; Berger 1986 ). Therefore, adult membership of harem bands can remain constant for several years (Ashley 2000; Berger 1986 ). Offspring of both sexes remain in their natal band until sexual maturity, generally age 2 or 3, and then disperse (Berger 1986 ). Dispersing females either join an existing harem band or are picked up by a bachelor to form a new harem (Berger 1986 ). Dispersing males can join a bachelor band, remain alone, or join a harem band as a subordinate male (Berger 1986) . Males can acquire a harem by capturing a dispersing female, stealing a female from another harem, or by ousting the dominant male of a harem through combat (Ashley 2000; Berger 1986 ). Feral horses generally are nonterritorial and bands can have widely overlapping home ranges that can be fairly constant from year to year (Berger 1986 ). Bands of feral horses, harem and bachelor alike, occasionally will aggregate, forming loosely spaced associations. Behaviors that act to divide a population into smaller groups during the breeding season could lead to differentiation by virtue of reduced gene flow and genetic drift.
Feral horses typically produce, at most, 1 foal/season after a gestation period of approximately 11.5 months (Berger 1986) . If a mare becomes pregnant postfoaling, it is most likely to occur during the 1st postpartum estrus, or foal heat, that begins 7-10 days after delivery (Berger 1986; Blanchard and Varner 1993) . Although horses are capable of foaling at any time of the year (Berger 1986) , most feral horses foal in the spring and summer (Ashley 2000; Berger 1986 ). Females are most likely to mate with a male resident of the harem band, with dominant males gaining the highest success rates (Asa 1999; Ashley 2000; Berger 1986; Feh 1999) . Within multimale bands, subordinate males have lower mating success (Asa 1999; Ashley 2000; Feh 1999) . Females that mate outside their harem band can reproduce with dominant, subdominant, or bachelor males (Ashley 2000; Feh 1999) . At Garfield Flat, paternity analysis showed that such females were more likely to mate with a male from another harem band than with a bachelor (Ashley 2000) . The potential for gene flow between subpopulations exists when the groups are in contact during the foaling season. Gene flow can be affected by the number of females that come into foal heat during the overlap period, effectiveness of harem defense by males, and degree of extraband copulation between populations.
Prior observation suggested that the herd of feral horses living at the Garfield Flat Herd Management Area in western Nevada consisted of 2 groups during most of the year, each using its own water sources and grazing areas. During the winter, when sufficient snow was present in the habitat, these groups abandoned their water holes and coalesced into a single population, with highest concentrations in a foraging area little used except in winter.
Conservation geneticists are concerned with the identification and quantification of the relative genetic diversity of distinct populations, as those are important criteria in management and recovery planning (Avise 1989; Daugherty and May 1990; Haig 1998; May 1990; Moritz 1994; Waples 1991) . Physical separation is one cause of genetic differentiation among populations by limiting or blocking gene flow, allowing divergence through the mutation, selection, and genetic drift (Mayr 1963) . Discovery of population subdivision converts a focal population into !2 smaller units and can greatly affect management decisions, especially for threatened or endangered species (Waples 1991) . Small populations can quickly lose genetic diversity through inbreeding and genetic drift (Nei 1975) . Population genetic studies have implications for the genetic management of populations and stress the need for evaluations of threatened or endangered species where behavior can play a similar isolating role.
The goals of this study are 2-fold: 1st, to determine if the 2 temporally overlapping subpopulations in a relatively isolated area are genetically distinct, and 2nd, to test for differentiation of these 2 subpopulations from a population of horses in the Granite Range HMA, about 215 km away in northwestern Nevada. The 2 Garfield Flat populations should be more divergent from the Granite Range animals than they are from each other because of physical separation. In addition, the genetic diversity should be lower in the Garfield Flat populations than in the Granite Range because of lower population sizes.
MATERIALS AND METHODS
Study Sites.-The primary study site was the Garfield Flat HMA, located in Mineral County in western Nevada (Ashley 2000) . Garfield Flat has 2 permanent and several ephemeral sources of free water (Fig.  1) . The HMA is separated from other sites containing horses by wide, arid valleys, effectively causing the population to be closed. In 1983, the population was .500 animals. The population was reduced to ,150 animals in 1985 . From 1988 -1990 , munitions testing on the fenced-in playa was credited with driving many animals from the area, resulting in a population of ,100 animals for the 3-year period. The population rose to 116 in 1991 following reduction of activity on the playa and reached 192 by the start of the study (Ashley 2000) . The 2 subpopulations are referred to as Garfield Flat and Garfield Hills. The entire population at that site is referred to as Garfield HMA.
The secondary site was the Granite Range HMA, located in Washoe and Lander Counties in northwestern Nevada (Ashley 2000) . The Granite Range HMA has .100 permanent springs and many ephemeral ponds. Population size ranged from 268 in 1983 to .1,100 in 1992, averaging 601 6 132 for the period [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] . At the onset of the study there were an estimated 473 animals in the Granite Range. Horses at both study sites are part of a long-term lifehistory study supported by the Bureau of Land Management. Field Methods.-About 90% of both the Garfield Flat and Garfield Hills subpopulations at Garfield HMA were captured and processed separately by the Bureau of Land Management in August 1993 (Ashley and Holcombe 2001) . More than 600 Granite Range horses were captured in November 1995 for a cull to reduce population size from .1,000 animals. The Granite Range animals were captured without regard to distinct sites within the HMA and were all processed together. Processing of all horses captured at Garfield Flat involved obtaining sex, age, physical description, and blood samples. Granite Range horses were treated similarly except that 100 blood samples were randomly collected. All animals released at both captures had unique freeze-branded numbers for field identification. Freeze-brands and identifying marks allowed for accurate identification of individual animals in subsequent field surveys.
To assess behavioral isolation within HMAs, regular field surveys were conducted May 1993 through November 1996 at both HMAs. Location, band membership, band movements, inter-band affiliations, sexual behavior, female reproductive state, sex and markings of foals and unmarked animals, and male dominance ranking in multi-male bands at both sites were recorded. After the gathers there were 162 marked animals at Garfield Flat HMA and .350 marked animals (about 50% of the remaining adults) at the Granite Range. Seasonal horse distributions were charted using United States Geological Survey, Department of the Interior 1:100,000 topographic maps, Gerlach (1981) for the Granite Range population and Excelsior Mountains (1985) for the Garfield Flat and Garfield Hills populations.
Blood Collection.-At the 1993 capture at Garfield Flat 4-5 ml blood samples were collected from horses by syringe and immediately stabilized with equal volumes of a modified lysis buffer (100 mM Tris, 100 mM EDTA, 2% SDS- Ausubel et al. 1989 ) in numbered, 15 ml, screw-cap centrifuge tubes. At the Granite Range in 1995, 3-5 ml blood samples were collected using numbered, sterile, evacuated tubes containing 15% EDTA stabilization buffer. The samples were stored on ice until transport to the laboratory at the University of Nevada (Reno) for DNA extraction. Both collection techniques stabilized the samples and assured ample amounts of DNA for microsatellite amplification.
Laboratory Techniques.-DNA was extracted and purified from the 125 blood samples collected (following Ausubel et al. 1989) : Garfield Flat n ¼ 36 (12 male, 34 female), Garfield Hills n ¼ 40 (6, 36), and Granite Range n ¼ 49 (17, 32). Extracted DNA samples and template aliquots were stored at À208C. Twelve polymorphic species-specific, independently-segregating dimeric microsatellite loci were amplified using polymerase chain reaction (PCR) methods optimized from Ellegren et al. (1992) . Loci were defined as follows: VHL20 (Van Haeringen et al. 1994 ); HGT4, HGT6, HGT7, HGT10 (Ellegren et al. 1992; Marklund et al. 1994 ); HMS2, HMS3, HMS6, HMS7 (Guerin et al. 1994 ); ASB5 (Breen et al. 1994 ); AHT4, AHT5 (Binns et al. 1995) . These loci have proven to be suitable for horse parentage testing (Bowling et al. 1997) and have been applied to the genetic evaluation of the endangered Old Kladruber breed (Horin et al. 1998 ). Products of PCR were scored for length polymorphisms on an Applied Biosystems 377 Prism automatic sequencer (ABI, Foster City, California).
Statistical Analyses.-Data were analyzed with Genepop 3.1b microsatellite genetic analysis software (Raymond and Rousset 1995) for population differentiation, Hardy-Weinberg equilibrium, estimated migration rate (N m ), and heterozygosity deficiency following Slatkin (1985) and Barton and Slatkin (1985) . Population differentiation was assessed by pairwise testing of population allele frequencies against a null hypothesis of identical allelic distribution using a Markov chain method following Raymond and Rousset (1995) . Pairwise F ST estimates across loci between populations were calculated with Arlequin (Schneider et al. 2000) . Population assignment tests were conducted with GeneClass computer software (Cornuet et al. 1999) . A graphical method of determining if a population had passed through a recent bottleneck was applied to the 2 Garfield HMA subpopulations following Luikart et al. (1998) . Populations that have recently passed through a bottleneck typically have a distorted distribution of allele frequencies with a marked reduction in rare alleles, with right-shifted modality to more intermediate allele frequency classes (Luikart et al. 1998 ).
RESULTS
Behavior.-The movement of members of both subpopulations to the overlap area in winter suggests knowledge of forage resources that were apparently not used during the spring and summer months while dependent upon water holes. These seasonal range shifts united the 2 subpopulations during winter when foaling was low or absent and divided them at or near the onset of foaling. The majority of impregnations across the study occurred during foal heat ( X X ¼ 0.89, SE ¼ 0.06) in the period that subpopulations typically were separated, April through October. No impregnations other than during foal heat occurred during the winter overlap, typically November through March, when a small proportion of foals ( X X ¼ 0.111, SE ¼ 0.055) were born.
Horse movements in the Granite Range also were consistent among years and among seasons. Resightings of known clusters of individuals were consistent with seasonal changes from low to high altitude home ranges described by Berger (1986) . The Granite Range also was partially divided by a fence that could hinder north-south movement of animals across the higher parts of the fence (Fig. 2) .
Genetics.-Allele frequencies varied widely among the 3 feral populations at many of the 12 loci examined (Appendix I). There were 28 unique alleles among the 3 feral populations: 2 each at Garfield Flat and Garfield Hills, and 24 at the Granite Range. Eight of the unique alleles in the Granite Range and 1 in Garfield Hills, however, occurred at low frequencies, 0.02 (Appendix I). Observed heterozygosity at a given locus ranged from 0.42 to 0.92 (Table 1 ) and across loci from 0.70 to 0.74 (Table 2) . Overall, mean observed allelic diversity ranged from 0.44 to 0.84 with similar levels within groups: Garfield Flat, X X ¼ 0.70 6 0.03 SE; Garfield Hills, X X ¼ 0.70 6 0.02; and Granite Range, X X ¼ 0.74 6 0.02.
Tests of population allele frequencies (Appendix I) showed significant differentiation between Garfield Flat and Garfield Hills (P , 0.001) and stronger differentiation between both of these groups and the Granite Range population (P , 0.001). Estimated F ST for the Garfield Hills-Garfield Flat pairing was low (0.013, P ¼ 0.0024). Pairwise comparisons of Garfield HMA subpopulations with the Granite Range horses produced much higher F ST values: Garfield Flat-Granite Range, F ST ¼ 0.092 (P , 0.001); Garfield Hills-Granite Range, F ST ¼ 0.101 (P , 0.001). Genotypic variation within both subpopulations at Garfield HMA was consistent with Hardy-Weinberg expectations: Garfield Flat P ¼ 0.095, Garfield Hills P ¼ 0.628. Both the Granite Range population and the total Garfield HMA population were in disequilibrium (Table 3 ). There was a significant deficit of heterozygotes at Granite Range (Table 2) but not for the combined Garfield Flat-Garfield Hills data (v 2 ¼ 41.2, d.f. ¼ 24, P ¼ 0.016). The estimated migration rate (N m ) between Garfield Flat and Garfield Hills was 2.21 animals per generation, following Slatkin (1985) in Genepop (Raymond and Rousset 1995).
A 3-group population assignment test correctly placed 98/125 animals (78.4%) in their respective groups, none of the incorrect assignments occurring between Granite Range and Garfield HMA groups. Within Garfield HMA, 23/36 (63.9%) assignments were correct for Garfield Flat and 26/40 (65%) for Garfield Hills.
Both Garfield HMA subpopulations had slightly higher than expected observed heterozygosity and Garfield Hills exhibited a mode shift in allele frequencies away from the rarest class, frequency 0.05, to a higher intermediate class, consistent with having recently passed through an effective population bottleneck, N e 20 (Luikart et al. 1998) , where N e is the effective (breeding) population size.
Examination of Bureau of Land Management removal and census data indicated that the total Garfield HMA population decreased from .500 animals in 1983 to ,100 following a massive removal in 1985, and subsequent removals aimed at limiting population growth. Graphical examination of allele frequencies of the 2 Garfield HMA subpopulations following Luikart et al. (1998) revealed a distinct right shift of modality away from the rarest class to a more intermediate level for Garfield Hills, suggesting that this subpopulation has passed through a bottleneck of 20 breeding individuals (N e ) during this period (Fig. 3) .
DISCUSSION
Recognizing genetically distinct populations is important for the identification and protection of threatened or endangered species or populations (Avise 1989; Daugherty and May 1990; May 1990; Moritz 1994; Waples 1991; see Haig 1998 for review) . A winter snapshot of Garfield HMA would have shown a single population, whereas examination at any other time would have shown 2 neighboring subpopulations. The ability of horses to travel farther than the distance separating the 2 Garfield HMA subpopulations during the foaling season belies the genetic differences between these groups. Behavior clearly is a key factor in their genetic divergence. To that end, this feral horse example offers an instructive example for wildlife managers in which focal populations can exhibit similar seasonal, resource oriented, movements.
By virtue of behavior, the 2 subpopulations at Garfield HMA are physically separated except in winter, with no interpopulation dispersal. The estimate of N m , the number of effective migrants per generation, suggests some gene flow despite the lack of such dispersal. The 2 subpopulations likely will remain genetically distinct as long as they remain small and behaviorally isolated. Age-specific removal biased towards young horses leaves the majority of sexually mature animals a nearly static gene pool.
Observational data suggest that the opportunity for gene flow through fertilization by males outside the harem band at Garfield HMA was limited by mating opportunities because few foals were born during the winter overlap, hence at a time of low frequency of foal heat. Additionally, there were no permanent interpopulation dispersals during the period 1993-1996. Gene flow through extra-band fertilization during overlap periods likely contributed to the less conclusive results of population assignment testing. However, the level of such gene flow between subpopulations at Garfield HMA as yet has not been sufficient to overcome the effects of a prolonged bottleneck period and genetic drift within subpopulations. The separation by distance of the Granite Range horses was apparently an effective barrier to gene flow as evidenced by larger F ST values and the number of unique alleles (Appendix I).
Population assignment offers some insight into the genetic distinctness of the 2 groups, Garfield Flat and Garfield Hills. Whereas a majority of animals correctly were assigned to their respective subpopulations, the extent of incorrect assignment (.30%) tempers the relevance of genetic differentiation. It is possible that the 2 subpopulations became behaviorally subdivided following massive population reduction (bottleneck) in 1985 and retained the genetic differentiation that subdivision conferred due to very small population sizes and limited gene flow that ensued.
Divergences from Hardy-Weinberg equilibrium within sites also are instructive. Even though the Garfield HMA subpopulations were statistically distinct based on allele frequencies, low F ST values seemed to indicate little relevant divergence. The combined data, however, show divergence from Hardy-Weinberg equilibrium. This is consistent with the Wahlund effect, the result of analyzing combined genetic data from populations that are each in equilibrium but have sufficiently different gene frequencies (Hartl and Clark 1989) .
However, there was no deficiency of heterozygotes for the combined Garfield HMA data that typically results from a fusion of populations. Luikart et al. (1998) point out that recently bottlenecked populations can retain high levels of heterozygosity. That effect might be the reason for not detecting a heterozygote deficiency for those combined data.
The Granite Range data showed both Hardy-Weinberg disequilibrium and heterozygote deficiency. An inhouse Bureau of Land Management profile of horse blood types (B. Morris, in litt.) suggested the differentiation of the Granite Range horses into 2 subpopulations, north and south of the fence line. Granite Range population structure might be more extensive than that, given the variability of terrain and movement patterns (Fig. 2) . Unfortunately, postsampling data for genotyped animals that were resighted in the Granite Range were too few to adequately test for population structure.
The results support the existence of 2 genetically distinct subpopulations at Garfield HMA and at least 2 subpopulations at the Granite Range. Behavioral subdivision produces smaller populations with subsequently smaller effective population sizes (Chesser et al. 1993 ). An additional factor regarding horses is their mating system in which males are not equally represented in the mating population (Berger 1986) , even when factoring in extra-band paternity (Ashley 2000) . In this case, effective population size is further reduced (Sugg and Chesser 1994) . Were these animals threatened or endangered, managing these HMAs as undivided units would be inadequate for the preservation of genetic diversity within their respective subpopulations. Continued management will keep total population sizes low, likely maintaining genetic divergence of subpopulations within and between these HMAs. Work on Pacific salmon (Oncorhyncus) with respect to population subdivision has helped refine how conservation biologists define species (Waples 1991) and evolutionarily significant units (ESU) (Moritz 1994) . Population subdivision detected with molecular techniques is a prominent factor in modern conservation biology and has been applied to plants (England et al. 2002) , invertebrates (Vandewoestijne and Baguette 2002) , fish (Waples 1991; Wenburg et al. 1998; Wasko and Galetti 2002) , and mammals (Girman et al. 2001) . Similar cases might exist for other taxa, emphasizing the importance of a thorough evaluation of population structure, behavior, and genetics.
ACKNOWLEDGMENTS
I thank E. G. Cothran, G. A. Hoelzer, S. H. Jenkins, W. S. Longland, and an anonymous reviewer for helpful comments on the manuscript. This study was funded by a Bureau of Land Management research contract. American Society of Mammologists Guidelines on Animal Care and Use was followed in our animal handling procedures (available online at http://www.mammalogy.org/committees/index.asp). 
LITERATURE CITED

